Abstract. Although riparian buffers are an important aspect of forest management in the boreal forest of Canada, little is known about the habitat conditions within buffers, due in part to complex edge effects in response to both the upland clearcut and the stream. We investigated microclimatic conditions and bryophyte growth and vitality in seven locations between the stream edge and 60 m into the upland undisturbed conifer forests and at the clearcut sites with riparian buffer 30 km northwest of Thunder Bay, Ontario, Canada. We hypothesized that the growth and vitality of a pleurocarpous moss, Hylocomium splendens, and an acrocarpous moss, Polytrichum commune, would be directly related to the microclimatic gradients detected. We further hypothesized that sensitivity of the bryophytes to environmental factors will vary depending on their life form type, i.e., pleurocarpous moss will respond differently than the acrocarpous moss. Both bryophyte species were transplanted in pots and placed at 10-m intervals along 60-m transects perpendicular to the stream across the buffer and undisturbed sites. Bryophyte growth, cover, and vitality, as well as microclimatic parameters and plant cover, were measured over the summer in 2003.
INTRODUCTION
Riparian zones consisting of the area between the edges of water and the upland forest have a complex mix of soil, topography, and microclimate, forming a wide range of habitat conditions that support high species diversity (Naiman and Decamps 1997 , Naiman et al. 2000 . Although riparian areas have been recognized for their high biodiversity, .80% of riparian corridor area in Europe and North America have been disturbed by forest management in the last 200 years (Naiman et al. 1993) . Current guidelines regarding forest harvesting near streams in Ontario, Canada, focus on the protection of aquatic ecosystems that support fish populations (Ontario Ministry of Natural Resources 1988). However, this is changing with the growing realization of other ecosystem values and services associated with the riparian zone.
Retention of trees adjacent to riparian areas as buffers is widely regarded as a necessary management strategy for the protection of streams and other aquatic resources (Swanson and Franklin 1992, Blinn and Kilgore 2001) . Recently the role of buffers in maintaining terrestrial biota have also been stressed (Hibbs and Bower 2001 , Pearson and Manuwal 2001 , Cockle and Richardson 2003 , Hylander et al. 2004 , 2005 . Buffer width requirements, however, are still highly debated and may vary from 3 to 200 m depending on the specific function of the buffer and the site-specific conditions (Castelle et al. 1994 , Buttle 2002 , Richardson 2004 (Brosofske et al. 1997 , Dong et al. 1998 , WilliamsLinera et al. 1998 . Forest edges left after clearcutting in the upland are subjected to typical edge effects that influence biophysical properties and ecological processes of the buffer (Harper et al. 2005) . Thus altered microclimate induced by forest harvesting in the upland and the natural ecotonal effects of the stream edge can interact to have a combined effect on the habitat condition and biophysical properties of riparian buffers. The duel edge effects in riparian buffer can alter the structure and function of the riparian zone, including changes in plant species composition, diversity, and succession near streams, which in turn may have potential impacts on landscape connectivity (Brosofske et al. 1997) . Therefore, habitat conditions in riparian buffers, which also often serve as landscape corridors of mature forest habitat, must be assessed to develop management strategies that will ensure long-term protection of key ecological processes and species diversity (Hylander et al. 2002 (Hylander et al. , 2004 . In assessing the structure and dynamics of riparian forests there tends to be a bias towards vascular plants (Jonsson 1997) . But nonvascular species such as bryophytes enhance species diversity, add to forest biomass and production (Longton 1990) , have a major impact on soil temperature and moisture, influence nutrient cycling (Vitt 1990 , Bates 1992 , and provide habitat and food for invertebrate and vertebrate species (Glime 1978 , Gerson 1982 , Jonsson 1997 . Bryophytes not only play a critical role within boreal forest species composition, structure, and function, but they can also constitute model organisms in studying community organization following disturbance (Grime et al. 1990 , Slack 1990 , Jonsson 1997 . Bryophytes are often good indicators of habitat conditions due to their unique life history strategies, physiological characteristics, and strong response to microclimatic gradients. Thus growth response of certain bryophytes can be used as a phytometer to monitor the near-ground microclimatic conditions. Using bryophytes as indicators, Hylander et al. (2002 Hylander et al. ( , 2005 found that 10-15 m wide buffer strips along boreal forest streams of Sweden can keep plants alive, but are insufficient to maintain natural growth conditions for riparian plants. However, these authors did not examine fine-scale changes in bryophyte growth response associated with clearcut edges and the riparian-upland forest ecotones or measure the microclimatic conditions within buffers. The environmental characteristics of ecotones are poorly understood, and little is known about how these environmental characteristics affect the growth rates and habitat limits of many understory species including bryophytes (Busby et al. 1978 , Hylander et al. 2002 .
In this study we compared the near-ground microclimatic conditions and growth and vitality of two bryophyte species, H. splendens, a pleurocarpous moss, and P. commune, an acrocarpous moss, from the stream edge up to 60 m toward the upland forest in undisturbed sites and clearcut sites with riparian buffers. Habitat conditions in riparian buffers were examined in reference to microclimatic gradients resulting from both the riparian-upland ecotone and the clearcut edge and were compared with the microclimatic gradients at the undisturbed sites, which result from the riparian-upland forest ecotone only. We hypothesized that the growth and vitality of the bryophytes would be directly related to these microclimatic gradients. We further hypothesized that the sensitivity of bryophytes to various environmental parameters will vary depending on their life form. We postulated that the growth and vitality of bryophytes in general and their life form in particular could be used as indicators of microclimatic change in riparian buffers.
METHODS

Study area
The study area was located ;30 km northwest of Thunder Bay, Ontario, Canada (48822 0 N, 89819 0 W; 199 m above sea level). The area has low rolling relief with underlying bedrock composed of primarily Precambrian granite and gneiss. In many areas bedrock was overlain with glacial till and Podzol and thick Organic soils. January and July mean temperature ranges were from À268 to À228C and from 218 to 258C, respectively. Total annual precipitation varied from 700 to 850 mm (Baldwin et al. 2000) .
Two riparian buffer sites and two undisturbed forest sites were located in the Current River and Mackenzie River watersheds within ;10 km of each other. Species composition, edge orientation, and general site characteristics were similar. All sites were in mature (90-100-year-old fire origin) conifer stands with a dominant Picea mariana (Miller) BSP canopy and had southfacing (6458) clearcut edges and/or riparian-upland forest ecotones. The width of the nonforested riparian area (i.e., the area between the stream margin and the riparian-upland forest ecotone) was similar between the sites (;10 m), and all streams were 1.5-2 m wide with a watershed area of ;1 km 2 . The buffer sites were clearcut during winter [2001] [2002] .
The canopy at the buffer sites consisted of dense Picea mariana with scattered Pinus banksiana Lamb. throughout. The undisturbed sites had more canopy openness with more Abies balsamea (L.) Mill. and a higher shrub cover in the riparian area. Continuous carpets of pleurocarpous mosses and common understory herbs such as Cornus canadensis L., Maianthemum canadense Desf., Rhododendron groenlandicum Oeder, and Clintonia borealis (Aiton) Raf. were present in the upland understory of all sites. All the study sites had a low-lying riparian area containing Alnus incana (L.) Monech, Lycopus uniflora Michx., Carex spp., Equisetum sylvaticum L., and Sphagnum spp. Hylocomium splendens and Polytrichum commune were also found growing naturally in these sites.
Study species
We selected two bryophyte species, a pleurocarpous moss, Hylocomium splendens ((Hedw.) Schimp. B.S.G.), and an acrocarpous moss, Polytrichum commune (Hedw.), that are widespread throughout Ontario and occur frequently within the study area (Ireland and Ley 1992) . Annual cyclic fluctuations provide a simple method for measuring growth rate in H. splendens and P. commune (Clymo 1970) . In early spring new growth on H. splendens is produced laterally from the previous season's growth, providing a clear innate marking of seasonal growth (Callaghan et al. 1978) . Similarly, P. commune shoots have a segmented appearance due to the production of small leaves at the beginning and end of the season with larger leaves produced in between.
Hylocomium splendens is a pleurocarpous upland boreal bryophyte with a perennial stayer life strategy due to a long life span and reduced reproductive effort (During 1979) . Hylocomium splendens often occurs in later successional stages and thrives under relatively constant, shaded habitat conditions, where canopy trees provide high humidity, low temperatures, and an overhead source of nutrients (Tamm 1953 , Busby et al. 1978 . Polytrichum commune has a colonist life strategy due to a moderately short life span and high reproductive effort (During 1979) . The underground stem with rhizoids, internal water-conducting tissues, and leaves resistant to water loss allow P. commune to photosynthesize and grow in less constant, dry, and exposed conditions (Bayfield 1973 , Callaghan et al. 1978 .
Experimental design
At each riparian buffer and at each undisturbed site three 60-m transects were located ;40 m apart, for a total of six transects per treatment. Each transect was considered to be independent because of the sensitivity of the study species to its immediate environmental conditions. Since bryophytes are very sensitive to microtopography and moisture, they have been used successfully as good indicators of habitat moisture and near-ground microclimate (Hylander et al. 2002 , Hylander 2005 . Transects were laid at an angle of ;908 to the stream at both buffer and undisturbed sites (Fig. 1) . At undisturbed sites, transects extended from the stream edge, across the 10-m riparian area and 50 m into the undisturbed upland forest. At buffer sites, transects extended from the stream edge, across the 10-m riparian area, across the width of the forested buffer, and 20 m beyond the clearcut edge into the clearcut (Fig. 1) . The clearcut edge location was determined based upon the last visible stump from harvesting.
Following a protocol similar to Hylander et al. (2002) , dark green plastic pots 12 cm in diameter containing an equal amount of a fertilized peat composed of sphagnum peat moss (75-85% by volume), perlite, vermiculite, and slow-release fertilizer with an N:P:K ratio of 0.7:0.2:0.3 (Premier Horticulture, Riviere-de-Loup, Quebec, Canada) were used. Bryophytes were collected, settled into pots, and transferred to the transect locations during 3-7 June 2003. Hylocomium splendens and P. commune were each collected from a single colony under a coniferous canopy within the study area. To help prevent transplant-related mortality, handling and potting of bryophytes was done at the collection sites. Two pots, one with five stems of H. splendens and one with five stems of P. commune, were placed at 10-m intervals along each transect (Fig. 1) . The decaying stem bases and attached humus of H. splendens was planted below the soil surface with all green stems occurring 3-5 cm above the surface. Stems of P. commune with rhizoids were excavated from soil, measured, and cut to a length of 5 cm. Stems containing rhizoids were planted below the soil surface with aboveground shoots extending 3-5 cm above the surface.
The mat structure of H. splendens is its functional unit, which helps retain water. To simulate natural conditions, the five H. splendens stems were planted in a cluster in the center of the pot. Polytrichum commune has individual stems that grow separately; therefore, the five stems were planted apart with equal distance in between. In each pot one of five differently colored pieces of thread were tied around each of the stems for shoot identification. The bottom of each pot was cut off, and the pots were sunk into the ground, keeping the top rim of each pot ;4 cm above the soil surface.
Biotic and abiotic environmental variables
At each pot location canopy openness was estimated by ocular method as a discrete variable with 0 indicating the absence of canopy and 1 indicating the presence of canopy (Chen et al. 1992) . Percent cover of all understory species within 1 3 1 m quadrats was visually estimated to the nearest percent at each pot location. Near-ground microclimatic parameters were measured three times during the experiment: (1) 18-21 June 2003, (2) 28 July to 5 August 2003, and (3) 4-7 September 2003. Five microclimatic parameters were measured at each pot location every 2 wk: photosynthetically active radiation (PAR, in micromoles per square meter per second), air temperature (in degrees Celsius), relative humidity (as a percentage), soil moisture (in cubic meters per cubic meter), and rainfall (in milliliters). All microclimatic measurements were made on days with similarly clear and sunny weather conditions. Air temperature and relative humidity measurements were taken between 0930 and 1200 hours, and all PAR measurements were taken between 1200 and 1300 hours. Environmental variables and bryophyte response variables could not be sampled at all sites in a single day under similar weather condition. All environmental parameters at a single site were measured on the same day except rainfall, which was determined over the three-month experimental period.
The PAR values were determined using an LI-190SA, LI-COR Quantum Sensor (LI-COR, Lincoln, Nebraska, USA) and a portable Decagon Sunfleck Ceptometer (Decagon Devices, Pullman, Washington, USA). Eight instantaneous readings were taken simultaneously at each pot location with the ceptometer and in the open (no canopy trees present) with the quantum sensor. The eight readings for each location were then averaged. Measurements at the pot locations were taken at ;1 m above the ground in all four major compass directions to determine the incident radiation below the canopy. The percentage of light transmittance was calculated as the ratio of incident radiation below the canopy to that in the open (Jose et al. 1996) . Air temperature and relative humidity were measured with a traceable hygrometer (Model number 35519-050, Control Company, Friendswood, Texas, USA) at 5 cm above the soil surface with four measurements taken in four directions. For each sampling period vapor pressure deficit (VPD) was calculated from the mean air temperature and mean relative humidity determined at each plot location by using the following equation:
where RH is the relative humidity (in percentages) and vpsat(T) is saturated vapor pressure (in kilopascals) at air temperature T (in degrees Celsius).
Instantaneous soil moisture was measured using the ML2x Theta Probe (Delta-T Devices, Cambridge, UK). All soil moisture measurements were taken at a depth of 5 cm. Four measurements were taken in four different directions ;10 cm from each pot location. The mean of the four measurements at each pot location was used for purposes of statistical analysis. Rain gauges consisting of white plastic cups with funnels (9 cm in diameter) attached to the top were placed at each pot location. Rainfall was collected and measured every two weeks. A small amount (10 mL) of vegetable oil was placed in each cup to prevent evaporation between measurement periods (Matlack 1993) .
Growth and vitality measurements
Length and width measurements of the two youngest bryophyte segments (current and previous years' growth segments) were taken for each individual plant immediately after transplanting (3-7 June 2003) and at the final sampling period (4-7 September 2003). Total growth of the segments was the sum of their respective width and length. Total stem growth was the sum of the growth for both the current and previous years' segments. The mean growth for each pot was determined by dividing the total stem growth of all stems within a pot by the number of stems in each pot. Rhizoids of P. commune were initially cut to 5 cm during transplantation and rhizoids were measured again during the final sampling period in September. Rhizoid growth over the summer was then calculated by subtracting initial length from the final length. Any new shoots found on the stems were counted during the September sampling period. Percent cover of the bryophyte species was also visually estimated after potting the bryophytes, during a mid-summer monitoring period (28 July to 5 August 2003), and during the final sampling period (4-7 September 2003).
Vitality was assessed immediately after the bryophytes were transplanted into pots, during the mid-summer monitoring, and at the termination of the experiment in September. Vitality of H. splendens was assessed by using a modified vitality classification developed by Hylander et al. (2002) : (1) all shoots dead; (2) some leaves green on some shoots (i.e., no entire shoots green); (3) less than half of shoots are green; (4) half of the shoots are green (alive); (5) more than half of the shoots green (alive); (6) all of the shoots green (alive) but affected; and (7) all of the shoots green, fresh, and growing. One of the above vitality classes was assigned to each pot.
Distinct leaf arrangements related to water content were used as an indicator of vitality for P. commune stems (Bayfield 1973) . Hydration values were scaled between 9, indicating the highest level of hydration, and 1, indicating the lowest level of hydration. After long periods of heavy rain, interlamellar spaces are filled with water and leaves appear slightly recurved (9). The normal turgid leaf arrangement (8) changes with loss of turgidity and leaves become laterally incurved and eventually appressed to the stem (4). Further drying leads to twisting and flattening of leaves in a vertical plane (2). When stems are almost air-dry they become regularly and tightly flattened on a vertical plane (1). A leaf arrangement value was assigned to each stem and the mean of each pot determined during sampling periods.
Statistical analysis
A square-root transformation was performed on the growth data to approximate normal distribution and August 2006 equal variance, which were confirmed for all variables with Kolmogorov-Smirnov and Levene tests, respectively (P ¼ 0.05). Analysis of covariance (ANCOVA) was performed to test for differences in bryophyte stem growth and cover between the disturbed and undisturbed treatments with distance from the edge as a covariate. All analyses in this study were performed in SPSS version 9.0 (SPSS 1999). Data that had a nonlinear response or were categorical, such as rhizoid growth, new shoot growth, shrub cover, total understory cover, and vitality, were analyzed using Kruskal-Wallis tests. Correlations between the biological parameters were tested by using Spearman's rank-order correlation.
A series of principal-components analyses (PCA) were performed on the environmental parameters to identify the minimum number of variables that had the maximum discriminatory power between locations across the buffers. Vapor pressure deficit, relative humidity, soil moisture, and total understory cover were then used in a linear backward stepwise regression to explore their relative effect on the growth of each bryophyte species. Normality, linear relationships and equal variation of growth data with respect to any environmental parameter values were confirmed through residual plots. Several bryophyte stems were disturbed after the initial transect placement. Disturbed stems were excluded from the data set, and the mean of remaining stems or pots were used in the analysis. Similarly, several disturbed rain gauges were also excluded from the data set.
RESULTS
Environmental factors
Forest canopy cover was lower in the riparian area at both sites, and there was no canopy cover in the clearcut area at the buffer sites. Differences in canopy cover were not significant with respect to disturbance treatment (P ¼ 0.23), but were significantly different with respect to location on the transect (P ¼ 0.02; Appendix A). Total shrub cover and total understory cover had different responses at buffer and undisturbed sites than canopy cover, and both were significantly different with respect to disturbance treatment (P ¼ 0.01) and location on the transect (P ¼ 0.01; Appendix B). Shrub cover was highest at the stream edge and declined rapidly towards the upland area in buffer and undisturbed sites (Fig. 2a) . Undisturbed sites, however, maintained a higher shrub cover at the riparian-upland forest transition (at 10 m) and in the upland area. Total understory cover at the buffers was similar to the response of shrub cover with the exception of a rapid decrease in cover at the clearcut edge (Fig. 2b) .
Most microclimatic variables had strong response patterns with respect to distance from the stream and disturbance treatment (Fig. 3a-f) . At undisturbed sites, light transmittance was relatively constant from the stream edge into the upland; however, slight increases in air temperature and VPD and slight decreases in relative humidity were detected with distance from the stream. At buffer sites, light transmittance, air temperature, and VPD showed a large increase and relative humidity a large decrease between the clearcut edge and 10 m past the clearcut edge toward the stream (Fig. 3a-d) . Light transmittance was most stable in the riparian area with only a slight increase at the stream edge. Air temperature appeared to stabilize ;20 m past the clearcut edge. Vapor pressure deficit continued to decrease (Fig. 3c) while relative humidity continued to increase toward the stream edge (Fig. 3d) .
Soil moisture had a strong riparian-upland gradient at undisturbed sites with moisture content decreasing with distance from the stream (Fig. 3e) . A similar response was found in the buffers; however, there was a more dramatic drop in soil moisture between the stream edge and 10 m towards the upland. The amount of rainfall was similar from the stream edge into the upland at both undisturbed and buffer sites; however, a slight decrease in rainfall occurred under the closed canopy in the buffers (Fig. 3f) .
Bryophyte growth
Differences in total stem growth of H. splendens (P ¼ 0.01) and P. commune (P ¼ 0.01) were significant between the disturbance treatments, when location on the transect was included as a covariate (Appendix C). The growth and cover of H. splendens was lower in the clearcut and at the clearcut edge of buffer sites compared to the upland of undisturbed sites; however, buffer sites had higher growth and cover of H. splendens at the riparian-upland forest transition (Fig. 4a, c) . Total seasonal stem growth and cover of P. commune was higher near the stream at the buffer sites, but declined from the stream edge toward and into the clearcut. There was a slight increase in P. commune growth in the clearcut (at 40-60 m). However, its growth remained lower than in the upland of undisturbed sites (Fig. 4b, d ).
Cover was not significantly different between the undisturbed stream edges and buffers for H. splendens (P ¼ 0.71), but was significantly different for P. commune (P ¼ 0.01; Appendix D). Both shrub and understory cover were significantly correlated with the total stem growth of both bryophytes (P , 0.01; Table 1) .
The current year's growth segments and the previous year's growth segments of H. splendens responded differently across buffers and undisturbed sites (Fig.  5a) . The previous year's segment showed almost no difference in growth between the disturbance treatments. The current year's growth followed a similar pattern to total stem growth, indicating that the response of H. splendens was primarily driven by the response of the current year's segment. Both the current and previous years' segments of P. commune responded in a similar manner at either the buffer or undisturbed stream edge, corresponding with the pattern of total stem growth (Fig. 5b ).
There was no significant difference in rhizoid growth (P. commune, P ¼ 0.06 and P ¼ 0.09) or the number of new shoots between buffers and undisturbed sites (P. commune, P ¼ 0.84 and P ¼ 0.08; H. splendens, P ¼ 0.16 and P ¼ 0.37), nor among different locations on the transect. However, the number of new shoots on H. splendens showed a significant correlation with total stem growth (P , 0.05; Table 1 ). In addition, new-shoot initiation responded to the clearcut edge with the number of new shoots rapidly declining from 10 m past the clearcut edge into the clearcut, where there were fewer new shoots than at undisturbed sites (Fig. 6) .
Vitality
Vitality of H. splendens and P. commune was significantly different between disturbance treatment (P , 0.001 and P , 0.001, respectively) and location on the transect (P , 0.001 and P ¼ 0.03, respectively; Appendix D). Vitality was lower at buffer sites than at undisturbed sites, except at the stream edge (P. commune) and at the riparian-upland transition (H. splendens), where it was marginally higher (Fig. 7) . The vitality of both bryophytes declined rapidly from 10 m past the clearcut edge into the clearcut. Bryophyte vitality was significantly correlated with total stem growth and percent cover of both H. splendens and P. commune and with shrub and total understory cover (P , 0.01; Table 1 ).
Environment and bryophyte interactions
The initial PCA included all environmental parameters, PAR transmittance, air temperature, relative humidity, VPD, soil moisture, shrub cover, and total understory cover (except canopy cover) and extracted three components, with the first component explaining 51.85% of the variance in locations on the buffer transects. Photosynthetically active radiation transmittance, air temperature, and relative humidity were highly colinear (r . 0.9), and shrub cover and total understory cover were highly colinear (r . 0.8). Relative humidity and total understory cover had the highest factor loadings and were selected for further analysis. The PCA with VPD, relative humidity, soil moisture, rainfall, and total understory cover extracted two components, with the first component explaining 47.99% of the variance in locations on buffer transects. Rainfall had the lowest factor loadings (0.281) and was removed from the final PCA.
The final PCA included VPD, relative humidity, soil moisture, and total understory cover, which were significantly correlated, but not highly colinear (Appendix E). The PCA extracted one component with an eigenvalue of 2.354 and explained 58.84% of the variation in locations on the buffer transects. Factor loadings for all three variables were quite high, with VPD (À0.855) having the greatest influence on the component followed by relative humidity (0.851), total understory cover (0.828), and soil moisture (0.461). Factor scores for component one were plotted against H. splendens growth and P. commune cover, and growth measures for both bryophytes had a linear response.
Using the four environmental variables from component one, the backward stepwise regression created three significant models explaining the variation in growth of each bryophyte species. The third model was significant for both H. splendens (P , 0.001) and P. commune (P , 0.001) and had an adjusted R 2 , explaining 65.1% and 34.4% of the variation in growth, respectively. The final model for H. splendens had two significant environmental parameters, VPD and total understory cover; the model for P. commune also had two significant environmental parameters, VPD and soil moisture (Table 2) .
DISCUSSION
The near-ground microclimate of the undisturbed forest sites was subjected to one type of edge effect due to the riparian-upland ecotone, whereas the riparian buffer sites were subjected to two types of edge effects, (1) the ecotonal edge at the riparian-upland forest transition and (2) the clearcut edge at the upland forest. These differences in microclimate between the undisturbed forests and the riparian buffers were reflected in the growth response of the two bryophytes transplanted in those sites. The microclimatic gradients extending from the stream into the upland at undisturbed sites had relatively subtle changes, with a slight increase in air temperature and VPD and a decrease in relative humidity. At the buffer sites, the gradient extending from the stream was interrupted by the clearcut gradient, leading to a pronounced increase in PAR transmittance and air temperature and a decrease in relative humidity and VPD. We hypothesized that the growth and vitality of the bryophytes would be directly related to these microclimatic gradients and that the response of the bryophytes would vary depending on their life form. Indeed we found that the bryophyte growth and vitality follow a similar pattern to the alteration of microclimatic gradients. Due to the poikilohydric properties of bryophytes, VPD and soil moisture were important factors in controlling growth. However, the acrocarpous P. commune had a stronger response to soil moisture, while the pleurocarpous H. splendens appears to respond more to VPD and light conditions. In general, H. splendens demonstrated greater sensitivity to microclimatic changes than P. commune.
The response of PAR transmittance, air temperature, and relative humidity were all highly correlated. Relative humidity varies greatly depending on the presence of FIG. 7 . Difference in the vitality of (a) Hylocomium splendens and (b) Polytrichum commune across buffer and undisturbed sites (mean 6 SE; N ¼ 6). Vitality was assessed on a scale in which 7 and 9 represent the highest values and 1 the lowest for H. splendens and P. commune, respectively. Symbols represent buffer values minus undisturbed values. The vertical dotted gray line represents the riparian-upland forest ecotonal edge, and the vertical solid gray line represents the clearcut edge.
canopy, the proximity to water, temperature, and solar insolation (Busby et al. 1978 , Vitt 1990 ). Increases in air temperature and VPD and decreases in relative humidity occurred with distance from the stream at both undisturbed and buffer sites. Brosofske et al. (1997) and Chen et al. (1999) also found similar riparian-upland gradients at undisturbed stream edges for air temperature and relative humidity. They found that temperature at undisturbed streams was ;2-48C lower than in the interior forest (Brosofske et al. 1997 , Dong et al. 1998 ; similar results were found in this study with temperature in the upland 2-48C higher than near the stream.
Proximity to the stream also had the strongest influence on soil moisture at both buffer and undisturbed sites. The response of soil moisture at the clearcut edge of buffer sites was similar to the response detected by Cadenasso et al. (1997) : soil moisture levels remained constant across the boundary with a slight increase (not significant) in soil moisture in the clearcut. Matlack (1993) found that rainfall was not significantly related to distance from the edge, with values varying by only ;1.5 mL. Rainfall in our study was also relatively consistent (varying by ;1.5 mL) across both disturbance treatments and did not show a strong response to edge.
Strong near-ground microclimatic changes due to harvesting was evident in this study. The upland forest conditions in buffers, especially within 10 m of the clearcut edge, were markedly different from that of the undisturbed sites, with higher PAR transmittance and air temperature and lower relative humidity and VPD. Several other studies have found similar patterns in microclimatic response across clearcut or pasture edges (Raynor 1971 , Williams-Linera 1990 , Chen et al. 1993 , 1995 , Matlack 1993 , Young and Mitchell 1994 , Jose et al. 1996 , Cadenasso et al. 1997 . While clearcutting altered the microclimatic gradients in the upland area of the buffer for most variables, the nearstream microclimate showed little difference in the undisturbed sites. At undisturbed sites the influence of the stream decreased with distance from the stream. At the buffer sites the combined effect of the two edges, the ecotonal edge (between riparian area and upland forest) and the clearcut edge, altered the habitat conditions within buffers.
Differences in site conditions can have controlling effects on microclimatic change near the stream. The buffer sites in this study had greater canopy closure within the buffer, which likely accounts for the lower PAR transmittance, air temperature, and VPD and higher relative humidity near the stream edge. An intact canopy changes the spectral composition of light, limits temperature change, and maintains a zone of higher humidity (Geiger 1966 , Hutchison and Matt 1977 , Matlack 1993 . Bryophyte growth and vitality closely followed the microclimatic gradient; therefore, the higher growth and vitality at the riparian-upland ecotone (H. splendens) and stream edge (P. commune) at buffer sites may be accounted for by these site differences. However, growth and vitality of both bryophytes were significantly correlated with shrub cover and total understory cover, but not with canopy cover. The realized niche of a species is a function of both the physiological tolerances of the species and the kinds of co-occurring species nearby (Watson 1981) . Due to the minute stature of H. splendens and P. commune, total shrub and understory cover may play a more important role in creating a suitable microclimate for the bryophytes than the forest canopy cover. Development of a shrub canopy following harvesting may allow some bryophyte species, such as H. splendens, to persist in the clearcut (Busby et al. 1978) . Hylander et al. (2005) reported a significant decrease of bryophyte richness and cover in clearcut and riparian buffers. In our study bryophyte growth and vitality followed a similar pattern to the alteration of microclimatic gradients at buffer sites, with a strong negative response across the clearcut edge and slight increases at the riparian-upland ecotone (H. splendens) and stream edge (P. commune). Changes in microclimate in buffer strips have been demonstrated by previous studies. However, to our knowledge no study has compared the direct response of acrocarpous and pleurocarpous bryophytes to microclimate in clearcut, cut edge, buffer, and stream edge. Our data show that on the buffer sites 20 m away from the clearcut edge, air temperature remain lower, relative humidity higher, and VPD lower compared to the clearcut, and this provided a better microclimatic condition for the bryophytes. In this respect the buffer has provided good protection for the bryophytes. Studies from northern Sweden also suggest that buffers as narrow as 20 m can provide protection to bryophytes and snails; however, some red-listed species (bryophytes and snails) require wider buffers (Hylander et al. 2002 (Hylander et al. , 2004 .
The significance of microclimate on bryophyte life history has been reported by Hylander et al. (2002) . Our data show that the difference in life history strategies (acrocarpous vs. pleurocarpous) between H. splendens and P. commune is reflected in their growth response to differences in microclimate gradients at the buffer and undisturbed sites. Hylocomium splendens appears to be more sensitive to environmental changes across edges than P. commune and is perhaps a more effective edge indicator. Both mosses are sensitive to low VPD; however, H. splendens appears to be more sensitive to light conditions, requiring the shade provided by understory cover, while P. commune is more sensitive to soil moisture. Hylander et al. (2005) attributed decreases of moss richness in buffers to tree cover removal and reduced substrate moisture. We found that rapidly regenerating shrub cover can also create favorable conditions for bryophyte growth by ameliorating the near-ground microclimate. Numerous studies have shown a strong relationship between precipitation, growth, and the length of time bryophytes remain wet (Busby et al. 1978 , Vitt 1989 , Proctor 1990 ). Hylander et al. (2002) suggested that while all bryophyte species have poorer vitality and growth in logged areas than in buffers, the response of buffer strips varies depending on ground moisture and the bryophyte species.
The differential ability of P. commune and H. splendens to occupy disturbed microhabitats may cause shifts in the abundance and frequency of these bryophytes in managed landscape. As landscapes become increasingly disturbed, the frequency of microhabitats representative of the disturbed condition will also increase. Colonist species, such as P. commune, appear to be affected by edge creation, but they also have some ability to utilize disturbed habitats. Polytrichum commune has internal water conduction and higher rates of photosynthesis under high temperature and irradiance than H. splendens (Callaghan et al. 1978) . Forest interior species, such as H. splendens, that lack mechanisms to recover from aboveground disturbance are dependent on high humidity. They are good indicators of edge effects, because they are unable to compensate water loss by drawing on soil water when the canopy removal creates near-ground moisture deficit (Callaghan et al. 1978) .
Differences in the physiology of indicators need to be considered alongside the detected response. In our study the absence of translocation and resulting physiological independence of H. splendens segments (Tamm 1953 , Callaghan et al. 1978 appear to be reflected in the different responses of the current and previous year's growth segments. In addition, the rapid decrease in new shoot formation near the clearcut edge and its significant correlation with growth (P , 0.05) may indicate that there has been damage to the youngest segment, which results in death of the entire shoot (Callaghan et al. 1978) . Further, desiccation of the current year's segment may in turn delay development of the next year's bud due to a hormonal imbalance associated with the reproductive process, whereby segments must reach a certain size before the bud growth inhibition is released and the next year's growth commences (Tamm 1953 , Busby et al. 1978 .
Polytrichum commune stems that are more hydrated were not only healthier, but also had a larger percent cover because the leaves have a more horizontal orientation. Percent cover of P. commune, therefore, is a combined measure of both growth and vitality, which is related to soil moisture. Growth of P. commune was highly variable and the total seasonal stem growth was minimal, making detection of significant differences between disturbance treatments difficult. In short-term studies, such as this, percent cover may be a preferable growth measure for P. commune. However, since H. splendens were transplanted into central clusters in the pots and they tended to grow vertically with overlapping leaves, percent cover may not be as accurate a growth measure for this species. Further studies could provide more comprehensive understanding of the microclimatic conditions within buffers and potentially identify other important microclimatic factors controlling the response of bryophyte species.
Both H. splendens and P. commune were effective at detecting changes in microclimatic gradients in the riparian-upland ecotones and edges created by clearcutting. While the responses of the two bryophytes were not identical, the most pronounced changes for both occurred near the clearcut edge. Bryophyte phytometry provides an effective means to not only assess the microclimatic changes resulting from disturbance but also provides insight into the potential responses of species to alterations in the habitat conditions within buffers. Interpretation of growth response of the two bryophytes in this study was made based on the microclimatic parameters measured on the south-facing edge on selected days in one growing season. One must be mindful that the microclimatic conditions change depending on edge orientation diurnally, seasonally, and likely annually (Chen et al. 1995 , Hylander 2005 . In addition to its sensitivity to microclimatic conditions the distinct and easily measurable current years' growth of H. splendens occurring above the previous years' step frond makes it a suitable candidate for monitoring microclimatic conditions of the habitat. Bryophytes such as this can be used as an excellent tool (phytometers) in the sense that its growth response represents the cumulative environmental effects continually experienced in the habitat over the growing period as opposed to the traditional climate-monitoring devices that record different elements of the environment at certain intervals. Frequency and abundance estimates of these bryophytes can be used to determine the depth of edge effects across both ecotonal edges (e.g., riparian-upland forest edge) and anthropogenically created edges (e.g., clearcut edge). Longer term studies are required to examine the responses of these and other bryophytes in subsequent growing seasons to further substantiate their efficacy as indicators of near-ground microclimate associated with understory species.
